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THE N. A. C. A. APPARATUS FOR STUDYING THE FORMATION AND COMBUSTION
OF FUEL SPRAYS AND THE RESULTS FROM PRELII’vIINARY TESTS

By A. M. ROTEROCK

SUMMARY

This report descrilw the apparatwa as dwigned and

com%u.cted ai th Langley MemoriuJ Aeronauiicul Lab-

oratory, for 8tudying the formu$ion and combu&.On of

jld 8p?’lLy8U?U& CO?ldtii0718Ck18tiy timll.hlii~ th08e OC-

cun%.g in a higbpeed compremion+m%%n engine.I
The apparatus cotits of a @le-cylin&r modi$ed tmt

engiw, a fuel-injection Q8tem 80 daigned thut a tingle

charge of fud can be injected into the comliwtion chumber

of the engine, an Uric driving motor, and a high-speed

photographic apparah.s. Zle cylinder heud of tha engine

haa a vertica-!-disk form of combustion chamber whose

& are glass win&w8. B%9n the fuel ti injected into

the combustion chamber, motion pi.cturm ai tha rate of

2,000 per 8emnd are taken of tlu &pray fomnaiion by

zwans OJ qxwk dizcharge8. When Combu&m takes

place the ligld of the comtition h recorded cm the 8aw

photographti~m as tlw spray phatograplw.

The report includes the reawih of some ttmk to determine

th e$ect of air temperature, air @w, and nozzle &.5i.gn

on tlw spray fmnuiion. TIL? r.& 8h0W that the com-

premion temperatwm ha little e$ect on the pendra$ion of

the fwel 8pray ti IJOU a$ect the dtiperti, thai air

velociiiw of abut 300 feet per second are necessary to

destroy tb core of tlw spray, and that the e$ect of air

jlow on tlu spray is controlled to a certain exteni by the

&sign of the injectim rwzzle. Z%e T& on the com-

bustion of the spray 8hOW thai when ignition dotx not

take pt?ace untd a~er 8pray out-o~ th8 ignition may start

a4?mo8t8imu.ltaneou81y throwghmd tlu c07n5uNiun chamiiw

or at different point8 through.owi the chamber. When

ignition takes place before 8pray cut-ofi tb cumbwtion

8tart8 (ZrOU7d the edge of the 8pray U?K? then spread

throughout t?w chamber.)

INTRODUCTION

During the past five years the National Advisory
Committee for Aeronautics has published considerable
information on the formation of fuel sprays ,fo,r high-
speed compression-ignition engines. The majority of
the investigations reported have dealt with the ef7ects
on the fuel spray of the injection-nozzle design, of the
injection system, and of the density of the airinto which
the fuel has been sprayed. Only one report has been
published by the committee (reference 1) on the effect of

high air temperatures on the formation and penetra-
tion of the fuel spray. The _&ts reported in this
reference, although conducted by spraying the $Iel
into air at atmospheric pressure, indicated the neces-
si@ of extending the rwearches of the committee to
inchde a study of the spray formation and penetration
into air at the temperatures and densities in the com-
bustion chambers of high-speed compression-ignition

*M.
In addition to studying the formation and penetra-

tion of the fuel spray in the engine it is necess~ to
study the combustion of the fuel spray. Investiga-
tions on the phenomena of combustion as applied to
the compression-ignition engine have been conducted
principally in England and Germany. Some of the
earliest work was done by Moore. (Reference 2.)
His tests were made to determine the auto-ignition
temperatures of liquid fuels at atmospheric pressure.
This work was extended by Wollem and Ehmcke (ref-
erence 3) and by Alt (reference 4). The next step was
to investigate the effect of air density on the auto-
ignition temperature of fuel sprayed into heated dense
air. Such tests were conducted by Hmvkes (referauce
5), Bird (refermce 6), Tausz and Schulte (reference
7), and Neunwm (reference 8). These same investi-
gators also determined the effect of air temperature
on the time lag of auto-ignition. Bird (reference 9)
then extended the tests by photographing the combus-
tion in a constant-volume chamber. Bird’s tests were
the first in which ignition lags were recorded as low as
0.004 second, a value of the same order of magnitude
as that obtained in high-speed compression-ignition
engines. Mader (reference 10), by means of a snudl
glass window placed in the combustion ohamber of
a compression-ignition engine, -obtained stroboscopic
pictures of the combustion of the fuel spray. Tizard
and Pye (reference 11) and Fenning and Cotton (ref-
erence 12) and Duch@ne (reference 13) conducted tests
in which the auto-ignition lag of gases ignited by
adiabatic compression was measured. In addition,
Duch&e photographed the combustion in a small glaas
cylinder in which ignition was oaused by adiabatic
compression of the gases.

& a result of an analysis of the preceding investiga-
tions it was decided to extend the r~earch on combus-
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tion by constm%ng an apparatus that would permit system, and driving motor is shown in Figure 1, rmda
~hotographing the combustion of fuel sprays in a sketch of the engine and the injection systeminFigure2.
~h~~er ‘in ~hich the air -was heated by adiabatic
compression and in which the combustion continued
during the espansion of the -. M ~PP~~

when used iu conjunction with the photograph appa-
ratus of the N. A, C. A<spray-photo~phy equipment
(reference 14) would permit photcpp~ b be Ob
tained of both the sDrav formation and combustion

Test engine,-The combustion &amber of the
engine has a diameter of 3 inches and a depth of seven-
eighths inch. This shape was chosen because it per-
mits the two sides of the chamber to be made of glass
disks. There are two l-inch thick windows on each
side of the chamber separated by an air space which is
connected to a tank of compressed air. Since the air.—. .

under conditions w&ch closely simulate those in the
I

temperatures of 2,000” to 3,0000 F. absolute and pres-
cornbustion chamber of a.c.oppression-i@tion engine. mm ti ~CW Of 800 paunds per squ~ ti~ are

●

The purpose of this report is to describe the appa-
ratus as designed and constructed by the National
Advisory Committee for Aeronautics at Langley
Field, Vs., and to present some of the preliniinmy
test rwults which are represatative of the results
that can be obtained with the apparatus. Ud=
otherwise stated, all tests were conducted with Diesel
fuel.

DESCRll?TIONOF A2PABATUS
The apparatus consists essentially of a modiiied

single<ylinder test engine, an electric motor for driving
the te9t engine, a fuel-injection system ihiven from the
cr~haft of the engine, and a high-speed photo-
graphic system. A photograph of the engine, injection

reached in the combustion chamber the conditions to
-which the inner windows are Iox-posed are extremely
severe. The maximum stress; on the inner windows
is reduced by maintaining an w pressure between the
windows of approximately 45o pounds per square inch.
The combustion chamber is connected to the displace-
ment volume of the engine by, a rectmgular orifice of
a size (0.695 square inch in area) to produce calculated
air velocities of 300 feet per “se~ondin the chamber,

There are two openings in tlie cylinder head for the
injection valve so that the efff!ct of air velocitim can
be studied with the spray directed normal to or counter
to the air flow. The third ope@ng is used for ~ masi-
mum pressure indicator. I

1
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The cylinder of the engine has a bore of 6 inches
and a stroke of 7 inches. The volumetric compression
ratio of the engine is 16.8. At the bottom of the stroke
the piston uncovers ports in the cylinder wall. These
ports are connected to a cam-operated poppet valve
so adjusted that it is open when the piston is at bottom
center. These ports and the valve permit &to enter
the cylinder and compensate for air leakage around
the piston rings. k addition, the inlet manifold may
be connected to an air compressor so that the effect
of increased air density on the fuel spray and on the
combustion may be studied.

Kl

To timing valve

,.dlternaie
position
for injec-
tion valve

P’
.-

Figure 2 the camshaft of the injection system makes
a single revolution at a speed one-half the engine
crankshaft speed.

Ihjection systemo—’l%e injection S@WILI iS of tie
type used on the N. A. C. A. spray-photography
equipment. This system w-as chosen because its
characteristic have been qtensivaly investigated by
Gekillea (reference 15), who determined the effect of
the diilerent variables in the injection system on the
development of the fuel spray, and by the author
(reference 16) -whodetermined the effect of the different
variablea in the injection system on the instantmeous

##njecficm valve b. Inifidpre-we
high presswe

*

la ,To

.. ---- ..-

Section C-C

- control valve
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710
supercharger

‘ talk
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d, Clutch
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FIGURE2–Test w@m dt and fd-fnjedon sydam

The cored Passagca in the cylinder head and the
jacket around- the ~ylinder are ‘mnnected to an elec-
trically heated tank containing glycerin. By means
of this liquid, temperatures of 500° 1?. can be main-
tained in the cylinder jacket and the cytider head.
A suitable pump is used to circulate the glycerin.

One end of the crankshaft is connected to the elec-
tric driving motor, and the other end to the timing
gem through which the injection system is driven.
The timing gear is calibrated so that the start of
injection can be varied in increments of 1 crankshaft
degree, The shaft connecting the timing gear to the
injection system is separated. by a clutch simikw to
those employed on press punches. When this clutch
is engaged by means of the mechanism shown in

149900-3%36

pre9suresat the discharge orifice of the injection valve.
The system consists of a high-pressure reservoir to
which fuel is forced under pressuresup to 10,000pounds
per square inch by means of a hand pump; a timing
valve connected by suitable tubing to the injection
valve; a by-pass valve for contdling the injection
period; and a valve for controlling the initial pressure
in the injection tube before the start of injection. The
tube connecting the timing valve and the injection
valve is 50 inches long so that the instantmeous pres-
sures at the discharge orilim will not fluctuate because
of the pressure-wave phenomena. (Referance 16.)
A hand+perated needle valve in the top of the high-
-pressurereservoir allows air to be releaiy+ from the
reservoir.

Ulsvmrge

3w”h%
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When the clutch mechanism is
engagedby theopemting lever the
tit oam opens the timing valve,
which rekwsssthefueI undorpres-
sure in the reservoir to the s,uto-
matic injection valve. Injection
continusa until the second cam
opens the by-pass valve, at
which time the hydraulic pres-
sure in the high-pressure reser-
voir is released to atmospheric
pressure and the injection is
stopped. The period of injec-
tion cm be varied by means of
the serrated coupling ccnneoting
the by-paas valve cam to the
cam shaft.

Photographic equipment,—
Figure 3 shows a diagramnmtio
sketoh of the high-speed pho-
tographic system and the
arrangement of the camera and
the spark gap relative to the
combustion chamber in -which
the injection valve is shown
mounted in the horizontal porn-
tion. In the operation of the
electric oircuit the rotary distri-
butor is driven at a speed of ap-
proximately 2,400 r. p. m. The
primary circuit of the high-ten-
sion tmnsfonner is closed oharg-
ing the electric condensers to 30,-
000 voIts through the kenotron
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tube for rectifying the curmqt. When the clutch for
the fuel-injection system is engaged, the rotation of the
cam shaft closes the spark-discharge switch grounding
the condensers through the spark gap. The con-
densem are therefore consecutively dischmged as the

Nozzle I%. 17
c am solo

FIOUEE &—bfnkkui6c@ncazks

contacts on the rotary distributor complete the con-
denser circuits. With the four contacts as shown in
Figure 3, the rate of discharge of the condensers is
4,000 per second. For the present series of tests two

of the contacts were removed, giving a rate of dis-
charge of 2,000 per second. The light fim each con-
denser dischasge is reflected from the paxabolic mirror
so. that a converging. beam enters the combustion
chamber. The lens mounted in the camera then
focuses the image of the chamber onto the film mounted
on the rotating iilrn drum. The drum has a diameter
of 30 inches and turns at a peripheral speed of 2,000
inches per second. By mems of a serrated coupling
connecting the spark discharge switch with the cam
shaft, the time of start of the spark dischargIMcan be
synchronized with the start of the fuel injection into
the combustion chamber. When the injection takes
place the light from the spark &charges is intercepted
by the fuel spray so that silhouettes of the spray are
recorded on the photographic film. When combustion
takes place the light of the combustion is focused onto
the rotating film by the lens. Consequently, high-
speed motion pictures are obtained of the spray but a
continuous picture is obtained of the combustion.
Standard commercial photographic film is used with
satisfactcny results.

RESULTSFROM PRELIMINARYTESTS
REPRODUCIBILITY OF FUEL SPRAYS

The object of the first teat conducted w-asto deter-
nkinethe reproducibility of the fuel sprays. Figure 4
shows three spray photographs taken with nozzle
No. 18 (@. 5) under the same conditions. There is
little variation in the penetration of the sprays in the
three photographs. There is, however, a difference in
the dispersion of the sprays. In the top photograph
the spray was well dispe~ed at 10° after top center.

~OWBE&-Effect “f tanlmmtum “n fnd SP18Y.h@cti”n presnw4,aJ31to. Mrc4. fn. Afrdmdty, ulkpmcult Engfm_l,.91)r. wm.

\
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In the second photograph the spray did not 611the volume was computed for am engine speed of 1,600
volume of the chamber included between the windows r. p. m. by the method given in reference 7. The

TABLE I (fig. 8)

until 20° after top center. Ii the third photograph ‘-
the dispersion was about the same as in the second. 4m -
The reproducibility of the sprays ia considered satis-
factory. 3 — .

1
gm / -

~CY! OF ~“ TEMPBRATORB ON THE FUEL SPFCAY

Photographs were taken of the fuel spray in the k“
combustion chamber using nozzle No. 18 with the +-tW

injection starting at top center so that the velocity ~
of airflow in the chamber would be a minimum. With 1
the same injection valve and nozzle, photo=mphs were : I@ I

taken of the fuel sprays in the spray chamber of the .:
spray-photography equipmant at an air density of 1J ~
pounds per cubic foot and at room temperature. The I

o 10 m a 40 50 R m
results axe shown in I?igure 6. Both series of phota- fim, cran%haf7 degrees

graphs are silhouettes. The rate of penetration of the ~mm 7.-OomPutd afr vdoufty throngbarh%amndng combustion&am.
Mirwftb dfsplacamantvolnmeat anglne8P* of1,611r. p. m.

spray tips was slightly decreased in the hot air; and
the fuel dispersed throughout’ the chamber to a greater
extent than in the air at room temperature. In the
cold air, after the cut-off of injection the spray diflused
slowly throughout the chamber but at all times light
was transmitted through the chamber. With injection
into the hot air the spray completely blocked out the
light after 0.004 second. Injection cut-off occurred at
approximately 0.0038 second. Whether or not this
diffusion throughout the chamber is accompanied by
appreciable vaporization can not be told from the
photographs. The photographs show that observa-
tions of fuel sprays obtied in air at room temperature
but at a density corrwponding to that in the corn-
buetion chamber of a compression-ignition engine
yield information on the spray chmacteristics which
is directly applicable to engine conditions. That
Gelalles (refenmce 1) observed a decided decrease in
penetration in hot air can be attributed to that fact
that in his tests the fuel w-as considerably heated
before injection.

The results present a check on the tests made by
Joachim and Besxlsley which showed thqt it -WCSthe
air density and not the air pressure that affects the
spray peneiiratiom (Reference 17.) In their tests it
was shown that at room temperature increasing the
air.pressure from 200 to 400 pounds per square inch
decreased the distance of the spray-tip penetration
2S per cent at the end of 0,001 second. In the tests
from which the photographs in Figure 3 were obtained
the air pressure for injection into & at room tem-
perature was 210 pounds per square inch, whereas the
pressure in the engine with the pisto at top center
was 465 pounds per square inch. ?

EFFECT OF AIEFLOWONTHEFIJE% SPRAY

The air velocity (@g. 7) through the orifice conneck
& tie comb~tion Chmba ~ tie displacement
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curve is plotted horn right to left to correspond with
the spray photographs. From 38° to 14° B. T. C.
the variation in velocity was ody 40 feet per second.
After b6ing forced through the orifice the air jet
strikes the top of the chamber and then is divided,
forming whirls in each half of the chamber.

Figure 8 (see also Table I) shows the effect of the
air flow on the spray from a .cingle 0.020-inch orifice
with the injection valve mounted in the horizontal
position so that the air flow is normal to the spray.
With injection starting at 50° before top center the air
veloci~ at the time when the spray had penetrated
across the chamber was sufficient to blow the fuel
away from the edge of the sp:ay and to deflect slightly
the main core of the spray. The fuel from the part of
the spray in the center of the chamber was blown
upward by the incoming air, and the fuel close to the
injection valve was blown downward by the air whirls.
At 21° before tQp center the deflection of the core of
the spray is shown. The succeeding exposures show
no spray, indicating that the fuel is either well dis-
persed or vaporized.

With injection starting at 40° before top center the
same tendencies are observed as in the previous photo-
graph. With injection starting at 30° before top
center the spray in the fit spray exposure is shown
being blown upward in the direction of the air flow.
In the second exposure the spray has traversed beyond
the middle of the chamber, but has been bent upward.
Betwean 35° and 45° after top center the chamber
becomes fogged. This extremely rapid fogging is
observed in all the photographs with injection starting
at or later then 30° before top center. The exact
cause of it is not known. It is possible that it is
caused by sudden condensation of fuel vapor when the
partial pressure of the fuel vapora, on the down stroke
of the piston, reaches the saturated vapor pressure of
the fuel.

The photograph for injection starting at 20° before
top center shows the same general effects as those
shown in the preceding photographs. However, with
injection starting at 10° before top center the air flow
had considerably less effect on the apray. It is inter-
esting to observe that when the spray continued after
top center the direction of the air flow was reversed;
the spray was deflected downward although the main
core of the spray was not destroyed. Wh% injection
starting at top center the spray after traversing the
chamber was re$ected horn the chamber wall.

A comparison of all the photographs shows that the
air flow produtid by the piston forcing the air through
a narrow restriction between the displacement volume
and the mmbustion chamber had a decided eilect on
the spray, the magnitude of the effect depending on
the injection timing. The photographs and the com-
putations show that air velocities of approximately
300 feet per second were necessary to appreciably

deflect the main core of the spray. (Compare with
reauh%published in reference 18.)

TABLE II (Fig. 9)
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l?kUIW 9 (see also Table II) shows the effect of air
flow-on the fuel spray from a single 0.020-inch orifice
with the injection valve mounted in the vertical posi-
tion so that the air flow is counter to the spray. With
injection startirg at 40° before top center the spray
penetrated across the section of the chamber included
in the glass windows but was blown backward between
10° before top center and top center, after wbioh out-
off occurred. With injection starting 30° before top
center the spray penetrated the depth of the chamber
but the spray angle was considerably increased by
the air velocity directed against the spray. With
injection starting at 20° before top center the spray
again penetrated the depth of the chamber rtnd aa
before the spray angle was considerably increased.
With injection stinting at 10° before top center there
was a decrease in the effect of air flow on the fuel
spray. With rnjection starting at top center there
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was no appreciable eifect of the reversed air flow on the
spray. The cone amgleof the spray was approximately
that observed when the fuel was injected into air at
room temperature. (Reference 15.)

The same general conclusions can be drawn from
this figure asiiom Figure8. Themixingof the fuel
and air appeam to be more uniform with the air flow
directed counter to the spray than with the air flow
directed normal to the spray.

Figure 10 shows the effect of the direction of the air
flow relativp to the fuel sprays from nozzle No. 17,
Figure 5. This nozzle is the same as nozzle No. 18
except that the C orifices have a diameter of 0.005
inch instead of 0.012 inch. In general, the results are
the same as those obtained with the single 0.020-inch
Oriiice.

Figure 11 shows the effect of the air flow on the fuel
sprays from nozzle No. 18. With injection starting
at 50° before top center the air flow had no appreciable
effect on the spray until after cutdl, which occurred
between 30° and 20° before top center. At no time
did the spray completely block out the light from the
spark discharges. Mter cut-off, the moving air had
considerable eilect on the spray, dispersing the fuel
unevenly throughout the chamber. With injection
starting at 40° before top center the first spray ex-
posure shows fuel being blown away bm the tip of
the spray. The air flow between 30° and 20° before
top center blew the spray aside to a certain extent but
the central sprays of the cores were little tiected.
After cut-off the light from the spark discharges.was
not completely blocked out but there wgs more
blocking than was shown in the previous photographs.
The distribution after cui+off was still very uneven.
With injection starting at 30° before top center the
fuel did not penetrate across the chamber. The
individual sprays can not be distinguished after 15°
before top center. Between 20° and 30° after top
center the light horn the spark dischmges was com-
pletely blocked out. With injection starting at 20°
before top center the effect of the air flow was about
the same as with injection starting at 30° before top
center. Complete diffusion of the spray throughout
the chamber occured between 20° and 30° after top
center and apparently very soon after cutdf.

Wrth injection starting at 10° before top center the
effect of the air flow was quite mmked, but the pene-
tration of the spray was greater than that obtained
with injection staxting at 20° before top center.
DifFusion throughout the chamber occurred at cut-
off. With injection starting at top center the air flow
had little effect on the sprays. This photograph is
the same as shown in Figure 4.

The photographs in Figure 11 show that enlarging
the C orifices from 0.005 inch diameter to 0.012 inch
diameter had a decided effect on the spray when the
air flow was directed normal to the spray. The re-

COMMIITEE FOR AIIRONAUTICS

suits indicate that the sprays from the larger orifmea
tended to stop the air flow so that there was no deflec-
tion of the central core of the sprays. With low air
velocities the distribution improved v&y rapidly
following the cut-off of injection. The photographs
show how the dispersion of’ the fuel during injection is
improved by the use of high air velocities.

Figure 12 shows the effect of air flow on the sprays
from nozzle No. 18 mounted in the vertical position.
The fuel used in this test was a hydrogenated fuel
lmown as safety fuel, the properties of which will be
discussed later. . With the injection starting at 40°
before top center the spray spread out, tending to fill
the whole chamber. However, the moving air directed
against the spray prevented the fuel from reaching the
bottom of the combustion chamber. Between 20°
before top center and top center the fuel was blown
backward, decreasing the penetration. The sprays at
u angle to the center line of the combustion chamber
were blow-n somewhat to one side. The exposure at
top center shows the fuel principally in the center of
the chamber. The next two exposures show the sprays
reaching the bottom of the chamber and starting to
diffuse throughout the chamber. The rest of the photo-
graph shows the continuation of this diihsion.

With injection starting at 30° before top center a
maximum penetration was reached between 20° and
10° before top center. The penetration then decreased
until after top center, at which time the fuel started
to diffuse throughout the whole chamber. Between
20° and 30° after top center the combustion chamber
cleared considerably and then fogged again, With
injection starting at 20° before top center the penetra-
tion across the chamber was slow until after top center,
at which time the air velocity through the throat was
reversed. The sprays then penetrated to the bottom
of the chamber, but the air-fuel mixture throughout
the chamber waa not uniform. With injection start-
ing at top center the penetration was slow until about
10° after top center, at which time the sprays reached
the bottom of the chamber. The succeeding e.xposums
show the sprays gradually ditlusing throughout the
chamber.

EFFX~OF PEYSICAL PROPEE~ OF THE FUEL OF THE FUEL
SPRAY

Figure 13 shows a spray photograph obtained with
Diesel fuel and nozzle No. 18, and a series of photo-
graphs obtained with safety fuel under the same con-
ditions. Figure 14 shows the distillation curves of the
two fuels and some of their physical properties are
given in the following table:

Di.swJfeel S8fetyfuel

I I J
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pamE 14.-DlMfeHonti-meuu(D1ewl fuel end ef .mfe~ fuel at

The Diesel fuel penetrated faster than the safety
fuel and was leas affected by the air flow even though
the Diesel fuel had the lower specific gravi~.
(See reference 17.) Because of its greater pene-
tration the Diesel fuel spray formed the better
mixture with the air. The general characteristics
of the sprays are the same as those discussed in
the preceding paragraphs. The fact that no light
was transmitted through the windows after 27°
after top center with the Diesel fuel and that light
was transmitted through the windows until 50°
after top center with the safety fuel, which had
the lower boiling temperature range, is a further
indication that condensation of the Diesel fuel
vapora took place. However, further research
is necessary before a definite conclusion can be
drawn. The figures indicate that volatility is
an important factor in the distribution of the
fuel spray.

COblBUSTION OF TEE FUEL SPRAY

When a dngle charge of air is repeatedly
compressed and expanded, heat is given up to
the cylinder during the ihst compression so
that the compression temperature is less thsm
that which would have been obtained had the
compression been strictly adiabatic. During the
fit expansion moreheat isgivenup to the cylinder
wall so that the temperature at the end of the first
exrmnsionideas than the temperature at the bwin-

to the heat absorbed tim the cylinder walls during the
first ~art of compression and the latter part of expan-
sion. At Ws condition. of equilibrium, the tempera-
ture of the charge at the begiming, and consequently
“at“the end, of compression is considerably lower than
that existingwhenthe airchargeis continually renewed.

In the present apparatus this phenomenon took
place to some extent. However, since some air was
taken in through the ports at the start of each stroke
to compensate for the air lost through leakage around
the piston rings, there was additional heat input to the
engine at the start of each stroke. Exactly how low
the fnal expansion temperature became during the
approximately 1,500 revolutions between the starting
of the engine and the photographing of the injection is
not lmown.

During the tests the results of which have just been
presented, the temperature of the air in the combustion
chamber was not aufkient to cause combustion.
When the cylinder head and jacket were heated to
190° or 200° F. combustion occurred several engine
revolutions after the injection, provided that the
air/fuel ratio ma approximately 5. With smaller fual

&of the ii.rstcompression.- This action is re~eated on
thesuccessivecompressionsandexpansionsuntilan equi-
librium of heat transfer is reached in which the heat
given up to the cylinder walls during the latter part
of compression and the first part of expansion is equal

30 20 10 0
Time, crankshaft degrees

30 20 10 0
Time, cronkSh&fi degrees

30 20 10 0
T(me, crankshaft degrees

Fm- 15.-C+mi3nstienwfthIgnftienlegefmverelenginerevalutfom.Idwtim velve
h Vertfmlpalalon. Injwtfonpmmnw@333Eu.p316q.fxL Er@neep@ l,531r. p.m.

quantities combustion occurred only after five or six
injections. Combustion would not take place even
with m excess of fuel unless the injection valve was
mounted in the vertical position, showing that even
with an ignition lag of several revolutioti of the engine
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the combustion was affected by the direction of the’
air flow relative to the fuel sprays.

Three photographs of combustion under these condi-
tions with nozzle No. 18 are shown in Figure 15. The
top photograph shows rather weak combustion starting
almost simultaneously throughout the combustion
&amber. The end of combustion occurred in the
center of the chamber before the burning died out along
the edges of the chamber. The middle photograph
shows strong combustion starting ahnost simuhne-
ously throughout the chamber and dying out in the
center and then along the edges. The bottom photo-
graph is particularly interesting because it shows com-
bustion starting in different parts of the chamber,
finally filling the whole chamber, and then dying out
on one edge before the cessation of combustion at the
center and outer edge. The exact number of engine
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two images were superposed. Photographs were then
taken with the fdm drum running at 2,OOOinohea per
second. When the ignition lag was such that combus-
tion did not start until about 10° after the end of the
fuel injection, the combustion photographs were similar
to those shown in I?igure 15. At the highest engine
temperature, the combustion started during the injec-
tion of the fuel.

Two photographs of the process are shown in Figure
16. Wn% the exception of the engine temperature the
conditions were the same as those under whioh the
photographs in Figure 9 were obtained. The air/fuel
ratio was about 15. In the upper photograph the
combustion is seen to start around the edges of the
spray (a) and to persist for about 60 crankshaft de-
grees. Because of fogging of the window the sprays
could not be distinguished clearly enough to accurately—

70 60 50 40 30 20 10 0.
Injection 10° before top center I

Fmtm 16.–Combuxtlenstatingatfuel spray. Injedfen velve fn vatfcal pasftfen InMfen ~ qml lix. per em
h Rn@nespa3rl,l@lr.p.m.

revolutions between injection and combustion was not
measured in obtaining the results shown in Figure 15.
Visual observation indicated that the lag was about
one second (25 engine revolutions).

Following the completion of the tests the results of
which are presented in Figure 15, the cylinder head and
jacket were insulated and heated slowly to about 400°
F. Photographs were taken during the heating. The
film drum was run at a peripheral speed of 30 inches
per second so that the ignition lag in engine revolutions
could be recorded. At this drum speed the spark
discharges and the combustion were each recorded m
a single circle of light, that is, the image of the combus-
tion chamber. & the ignition lag was decreased by
the increasing engine temperature the circle caused by
the combustion approached that caused by the spark
discharge. When combustion took place with an
ignition lag of less than one engine revolution, the

&e the-record with r;-
spect to the crankshaft
position. Consequently,
the zero position does not
necessarily correspond to
top center of the engine
although it is probably
within 10° of it. In the
lower photograph with
injection starting at 30°
before top center the
imagea of the fuel spray
can be seen and the com-
bustion is again shown
to start around the edge
of the spray (a) and
then spread throughout
the chamber. The com-
bustion period is muoh
shorter than that with

the injection starting at 10° before top center. The
exact cause of this is unknown. The phenomenon was
repeated in a second series of tests. Comparison of
Figure 16 with Figure 16 shows that when the ignition
lag of the spray is greater than the injeotion period,
combustion starts almost simultaneously throughout
the whole chamber, but when the ignition lag is leas
than the injection period the combustion starts along
the edges of the fuel spray and then spreads through-
out the chamber. (See also reference 19.)

CONCLUSIONS

Althou@ the tests, the results of which we presented
in this report, were conducted primarily to determine
the range of usefulness of the apparatus, there area few
conclusions that can be drawn from the photographs:

1. The reproducibility of the fuel sprays under the
same twt conditions was satisfactory.
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2, High air temperatures slightly deorease the pen-
etration and increase the dispersion of the fuel sprays.

3. Air velocities of approximately 300 feet per
second in the combustion ohamber have a decided
effe.ot on the penetration and dispersion of the fuel
sprmysfrom single round-hole orifices.

4. The effect of the air veloeity on the fuel spray is
dependent on the number, arrangement, and size of
the discharge orifices.

5. The physicrd properties of the fuel have an
important effect on the dispersion and penetration of
the fuel sprays.

6. The rate of combustion of the fuel spray w be
decreased by foroing ignition to take place before
injection is completed.

7. Ignition CWI be forced to take place before kjec-

tion is completed by increasing the temperature of the
cylinder and the combustion-chamber jackets.

LANGLnY ME~ow AERONAUTICAL LABORATOBYj
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